We present the results of deep radio observations with the Australia Telescope Compact Array (ATCA) of the globular cluster NGC 6388. We show that there is no radio source detected (with a r.m.s. noise level of 27 µJy) at the cluster centre of gravity or at the locations of the any of the Chandra X-ray sources in the cluster. Based on the fundamental plane of accreting black holes which is a relationship between X-ray luminosity, radio luminosity and black hole mass, we place an upper limit of ∼1500 M ⊙ on the mass of the putative intermediate-mass black hole located at the centre of NGC 6388. We discuss the uncertainties of this upper limit and the previously suggested black hole mass of 5700 M ⊙ based on surface density profile analysis.
INTRODUCTION
Following the early discoveries of X-ray sources in globular clusters in the mid-1970s (Clark 1975; Clark, Markert & Li 1975) , it was proposed that the X-ray emission of these clusters was due to accretion of intracluster material released by stellar mass loss onto central black holes (Bahcall & Ostriker 1975; Silk & Arons 1975) . This started a debate about whether globular clusters contain black holes of intermediate masses (i.e. greater than the ∼ 30 M⊙ limit for black holes formed through normal single star evolution, but less than the 10 5 M⊙ seen in the smallest galactic nuclei). The difficulties of stellar dynamics has prompted a search for accretion constraints on the presence of intermediate-mass black holes. As pointed out by Maccarone (2004) and Maccarone et al. (2005) , deep radio searches may be a very effective way to detect intermediate-mass black holes in globular clusters and related objects. Indeed, for a given X-ray luminosity, supermassive mass black holes produce far more radio luminosity than stellar-mass black holes. The relation between black hole mass and X-ray and radio luminosity empirically appears to follow a "fundamental ⋆ E-mail: david.cseh@cea.fr plane", in which the ratio of radio to X-ray luminosity increases as the ∼0.8 power of the black hole mass (Falcke & Biermann 1996 , 1999 Merloni, Heinz & Di Matteo 2003; Falcke, Kording & Markoff 2004) . Also, as the luminosity of accretion onto a black hole decreases, the ratio of radio to Xray power increases (Corbel et al. 2003; Gallo et al. 2003) .
Accretion theory suggests that the Bondi-Hoyle rate (Bondi & Hoyle 1944) overestimates the actual accretion rate by 2-3 orders of magnitude, e.g. (Perna et al. 2003) . Thus, the X-ray luminosities from accretion of the interstellar medium by intermediate-mass black holes in globular clusters are likely to be well below detection limits of current X-ray observatories. Considering the prediction of Miller & Hamilton (2002) , that the black holes should have about 0.1 per cent of the total cluster mass, the radio luminosities of the brightest cluster central black holes may be detectable with existing instrumentation (Maccarone 2004 Zwart et al. 2004; Gürkan, Freitag & Rasio 2004) and ultraluminous X-ray sources, whose X-ray luminosities well exceed the Eddington luminosity of a ten solar-mass compact object; for more details see (Kaaret et al. 2001; Zampieri et al. 2009 ).
The main evidence favouring an intermediate-mass black hole in NGC 6388 is that the observed surface density profile has a power-law shape with a slope α = −0.2 in the inner one arcsecond of the cluster. This slope is shallower than expected for a post core collapse cluster and is consistent with the presence of an intermediate-mass black hole (Baumgardt et al. 2005; Miocchi 2007 ). The surface density profile provided an estimated mass of 5700 ± 500 M⊙ (Lanzoni et al. 2007 ) for the central black hole in NGC 6388 and it motivated us to propose radio observations of the source.
Here, we report on radio observations with the Australia Telescope Compact Array (ATCA) of NGC 6388 that led to an upper limit on the mass of the putative intermediate-mass black hole located at the centre of NGC 6388. In Sec. 2, we describe the analysis of an archival Chandra observation and our new ATCA radio observations of NGC 6388. In Sec. 3, we describe the results of the X-ray and radio observations. Then we discuss, in Sec. 4, the methodology for setting an upper limit on the mass of a central black hole in NGC 6388 and the uncertainties.
OBSERVATIONS AND ANALYSIS

2.1
Chandra observation NGC 6388 was observed with the Chandra X-Ray Observatory (Weisskopf et al. 2002) Nucita et al. (2008) , we improved the localisation of the X-ray sources in the centre of the cluster by removing the pixel randomisation 1 . The Chandra data were subjected to standard data processing (CIAO version 4.1.2 using CALDB version 4.1.4) and then reprocessed to remove pixel randomisation because we are interested in sources in the crowded region near the cluster centre. We also applied an aspect correction as described on Chandra aspect webpages 2 . The total event rate on the S3 chip was less than 1.7 c/s throughout the observation indicating there were no strong background flares. . The data reduction was performed using the miriad software package (Sault et al. 1995) in a standard way.
RESULTS
Chandra Imaging
We first constructed an image of the full area viewed by the ACIS-S3 chip using all valid events in the 0.3-8 keV band. The Chandra aspect uncertainty is 0.6 ′′ at 90 per cent confidence 3 . To attempt to improve on this we searched for X-ray sources with counterparts (Kaaret et al. 2002) in the 2MASS catalogue of infrared sources with a J magnitude brighter than 14 (Skrutskie et al. 2006) . We excluded sources within 40 ′′ of the cluster centre due to the source crowding in that region. We choose X-ray sources which are likely foreground stars by selecting those with soft spectra (Kong et al. 2007 ), specifically those with more counts in the 0.5-1.5 keV band than in the 1.5-6 keV band (Grindlay et al. 2001 ).
There are 10 such sources with a detection significant above 3σ. Of these 10, one at αJ2000 = 17 h 36 m 4. s 55, δJ2000 = −44
• 45 ′ 24. ′′ 2 is located within 0.23 ′′ of a 2MASS source and a second at αJ2000 = 17 h 36 m 25. s 99, δJ2000 = −44
• 47 ′ 53. ′′ 3 is within 0.37 ′′ of a 2MASS source. There are 636 such 2MASS sources in the search area of 2.25 × 10 5 ′′2 . With 10 X-ray sources, the probability of one chance overlap within 0.4 ′′ is 0.0014 and the probability of two chance overlaps is 2 × 10 −4 . Thus, the Chandra astrometry appears to be accurate to within 0.4 ′′ . We then constructed images of a 38 ′′ × 38 ′′ region centered on the cluster core with pixels which are 0.25 ′′ × 0.25 ′′ in the 0.3-8 keV and 2-10 keV bands. We searched for sources in the 0.3-8 keV image using the celldetect tool in CIAO. A list of detected sources with significance of 3σ or higher is given in Table 1 . Table 1 includes for each source: the source number; S/N -the significance of the source detection as calculated by celldetect; RA and DEC -the position of the source in J2000 coordinates -note that, while the relative positions should be accurate to 0.2 ′′ , there is an 0.4 ′′ overall astrometric uncertainty; Counts -total counts in the 0.3-8 keV band. Fig. 1 shows an X-ray image of the core of NGC 6388 in the 2-10 keV band with the position of the cluster center of gravity, αJ2000 = 17 h 36 m 17. Lanzoni et al. 2007) , superimposed. The radius of the circle is 0.5 ′′ which is equal to the sum in quadrature of the Chandra aspect uncertainty of 0.4 ′′ (see above) and the uncertainty of 0.3 ′′ in the position of the centre of gravity. Two of the Chandra sources lie near the centre of gravity error circle. The error circle for source #12 overlaps the edge. Source #7 lies 0.9 ′′ from the centre of gravity. If we use the coordinates calculated from the 2-10 keV image (and not 0.3-8 keV as above), then source #12 moves inside the centre of gravity error circle, while source #7 moves further away.
X-ray spectra of source 12 and 7
We extracted X-ray spectra for these two sources using circular extraction regions with radii of 1.5 pixels centred on the coordinates given in Table 1 . The extraction radius is smaller than usual for Chandra sources, but this is necessary given the source crowding. The 80 per cent encircled power radius is ∼0.7 arcsec 4 thus, the measured source fluxes were increased by a factor of 1.2 to account for the flux outside the extraction region. We fitted the X-ray spectra using the Sherpa spectral fitting package and response matrices calculated using the mkacisrmf tool in CIAO. We used the χ 2 -Gehrels statistic to evaluate the goodness of fit due to the low numbers of counts in some spectral bins.
A good fit, χ 2 /DoF = 2.9/8, was obtained for source #12 with an absorbed power-law spectrum with a photon index, Γ=1.90 ± 0.45 and an equivalent hydrogen absorption column density of NH = (3.8 ± 1.8) × 10 21 cm −2 . The absorbed flux in the 0.3-8 keV band was 2.4 × 10 −14 erg cm −2 s −1 and the unabsorbed flux was 4.0 × 10 −14 erg cm −2 s −1 in the 0.3-8 keV band and 2.15 × 10 −14 erg cm −2 s −1 in the 2-10 keV band. An absorbed power-law provided a good fit for the spectrum of source #7, χ 2 /DoF = 7.8/16. The best fit parameters were a photon index, Γ=1.66 ± 0.27 and an equivalent hydrogen absorption column density of NH = Table 1 . The circle indicates the error circle for the cluster centre of gravity including the uncertainty relative to the Chandra reference frame.
band was 4.8 × 10 −14 erg cm −2 s −1 and the unabsorbed flux was 6.9 × 10 −14 erg cm −2 s −1 in the 0.3-8 keV band and 4.6 × 10 −14 erg cm −2 s −1 in the 2-10 keV band.
Radio non-detection
After reduction of the ATCA radio data, we found there are no radio sources detected in association with the cluster centre of gravity nor at the locations of any of the Chandra X-ray sources within the cluster (Fig. 2) . We assumed a flat spectrum (as likely for a low-luminosity accreting black hole) in order to combine the data sets to achieve the best noise level. In naturally weighted maps, by combining 8.4 & 9 GHz data the rms noise level was 27 µJy and combining 18.5 GHz & 18.6 GHz data the rms was 54 µJy. Combining all of the datasets did not lead to better rms as the higher frequency data is more noisy. Therefore, our best achieved rms noise level at radio frequencies is 27 µJy.
DISCUSSION
Considering the best achieved r.m.s. value obtained from our ATCA radio observations and adopting a 3σ upper limit, the upper limit on the radio flux of any (undetected) source is estimated to FR < 81 µJy/beam. The distance of NGC 6388 was adopted from Dalessandro et al. (2008) with the value of 13.2 ± 1.2 kpc. Therefore, we obtained an upper limit for the radio luminosity of the putative intermediate mass black hole in NGC 6388 of LR < 8.4 · 10 28 erg s −1 at 5 GHz (LR = νFν, where we assumed a flat radio spectrum, as is likely for a low-luminosity accreting black hole).
Previously, Nucita et al. (2008) found that three of the Chandra sources (# 12, 7 and 3) coincide with the cluster centre of gravity. They did not attempt to spatially resolve these three sources and therefore obtained one averaged spectra for the three sources. After reanalysing the data and removing the pixel randomisation, we find that only one source (#12) is consistent with the location of the centre of gravity (see Section 3.1). In addition, we successfully measured the spectrum of each source individually. The unabsorbed X-ray flux of source #12 is FX = 4.0 · 10 −14 erg cm −2 s −1 , and the corresponding X-ray luminosity is LX = 8.3 · 10 32 erg s −1 in the 0.3-8 keV band. We will use this value in all subsequent analysis.
Nature of the innermost X-ray sources
A study of the colour-colour diagram of the X-ray sources throughout the cluster revealed that most of them seem to be low mass X-ray binary, one source is probably a high-mass X-ray binary and four others are soft sources (Nucita et al. 2008) . Nucita et al. (2008) treated the three central Chandra sources as one and noted that the difference between the Xray flux of these sources measured by XMM-Newton in 2003 versus by Chandra in 2005 is a factor of only 1.11 . This may indicate that variability of the X-ray sources is small, but there are only two observations.
From our X-ray data analysis, we managed to localise three separate sources in the centre of the cluster. We studied their X-ray colours and used the source classification method of Jenkins et al. (2005) . This revealed that source #3 is very soft, probably a cataclysmic variable. Source #7 seems to be an X-ray binary and source #12 is either an absorbed source or an X-ray binary.
The X-ray luminosity of source #12 is consistent with the accretion luminosity of even a 10 solar-mass black hole in quiescence. On the basis of the X-ray spectra, there is no real clue to distinguish between an intermediate-mass black hole and low mass X-ray binary. Source #12 has a power-law spectrum with Γ ≈ 1.9 which is consistent with the spectra of quiescent stellar-mass BH which have Γ ≈ 2.0 (Corbel et al , 2008 , but is also consistent with the spectrum expected from a quiescent intermediate-mass black hole. Thus, the localisation, the source categorisation of Jenkins et al. (2005) , and the X-ray spectrum all favour source #12 as the best candidate to be subjected upon further analysis as a potential intermediate mass black hole.
Upper limit on mass of the central black hole
The fundamental plane of accreting black holes is a relationship between X-ray luminosity, radio luminosity and black hole mass (Merloni et al 2003 , Falcke et al. 2004 ). The relations between mass accretion rate and radio luminosity has been studied for black hole X-ray binaries and low luminosity active galactic nuclei. It is found that the X-ray luminosity is uniquely determined by the black hole mass and radio luminosity via a linear equation in logarithm space. This relationship is referred as "the black hole fundamental plane". It is valid for hard state objects i.e. for objects accreting at low Eddington value. This relation requires radiatively inefficient accretion, like advection dominated or jet dominated accretion flows.
If one investigates in more detail whether the Xray source satisfies the criteria for radiative inefficiency, as required for application of the fundamental plane (Körding et al. 2006a) , we can conclude, that even if M = 10 M⊙, the ratio of X-ray luminosity to Eddington luminosity, LX /L Edd ≃ 10 −6 . So, the source needs to be accreting at a low Eddington-rate. Taking this into account and assuming that the central source is a black hole, we can set constraints on the mass of the black hole using the relationship found by Merloni et al. (2003) : log M = 1.28 log LR − 0.76 log LX − 9.39 (1) or the similar relation found by Körding et al. (2006a) :
We note that the relation (Eq. 2.) found by Körding et al. (2006a) , which considered flat spectrum, lowluminosity radio sources, such as those we expect in the centre of dwarf galaxies or globular clusters, more likely reflects the present case. However Eq. 1 provides results that are consistent within the uncertainties. As Eq. 2 gives a higher mass and has less scatter than Eq. 1 (even than the equation found by Gültekin et al. (2009) ), we use the value given by Eq. 2 in all subsequent analysis.
Inserting the measured X-ray luminosity (LX ) of source #12 and the measured upper limit on its radio luminosity (LR) into Eq. 2 leads to an upper limit for the mass M of the central black hole of < 735 M⊙. However, we must consider the intrinsic scatter in the measured fundamental plane relation of 0.12 dex (∼ 32 per cent) within one σ (and the uncertainty of the distance). Therefore the result is M < 735 ± 244 M⊙. We adopt the 3-σ upper limit, ≈ 1500M⊙, as a conservative limit on the black hole mass.
If source #7 actually lies at the cluster centre of gravity instead source #12, then we note that source #7 has a harder spectrum than #12, being still consistent with a low luminosity accreting black hole and that the difference between their X-ray flux is a factor of 2. Thus, this would not change the results described above. If none of the X-ray sources are associated with the cluster centre of gravity, then we can not use the fundamental plane to obtain a limit on the black hole mass.
Bondi-Hoyle accretion and comparison with G1
In this section, we investigate more in detail the consistency of the X-ray emission of source #12 with Bondi-Hoyle accretion and compare NGC 6388 with the cluster G1. For a black hole of mass M moving with velocity v through gas with hydrogen number density n and sound speed cs, the expected accretion rate via the Bondi-Hoyle process (Bondi & Hoyle 1944) iṡ
where mp is the proton mass (Pooley et al. 2006) . The expected X-ray luminosity is then
and parametrized for NGC 6388 is
where V denotes (v 2 +c 2 s ) 1/2 , ǫ is the efficiency for converting accreted mass to radiant energy in the accretion flow of the black hole, and η indicates the fraction of the Bondi-Hoyle accretion rate that is accreted by the black hole.
The intracluster gas density can vary in the ∼ 0.1 − 1 cm −3 range (Pooley et al. 2006) . For NGC 6388 the gas density is not measured. Ionised gas with an electron density of n ≃ 0.1 cm −3 has been detected in the globular cluster 47 Tuc (Freire et al. 2001) . Recent studies on their stellar populations find similar ages for NGC 6388 as 47 Tuc (Moretti et al. 2009 ), therefore we set n = 0.1 cm −3 for NGC 6388. However a higher gas content may be expected for NGC 6388 (Scott & Rose 1975) . We also set v=0 km/s and cs = 15 km/s. Now, the key factors determining the luminosity are the radiative efficiency of accretion (ǫ) and the fraction of Bondi-Hoyle accretion rate that reaches the black hole (η). Considering our previously obtained 3-σ upper limit on mass of ∼1500 M⊙ and taking η = 1, we find that the lowest allowed radiative efficiency is ǫ ≃ 10 −4 , similar values have been found for other systems in the radiatively inefficient regime , Körding et al. 2006b ). The highest value of radiative efficiency can be taken as 0.1, i.e. for a radiatively efficient Schwarzschild black hole. So, ǫ can vary in the [10 −4 , 0.1] range. Perna et al. (2003) showed that the lack of detection of isolated neutron stars accreting from interstellar medium implies a fraction of Bondi-accretion of the order of 10 −3 − 10 −2 , see also (Pellegrini 2005) . However, there is evidence that the central black hole of globular clusters can accrete at a higher fraction of the Bondi-rate than suggested by Perna et al. (2003) .
G1 is an enigmatic star cluster in M 31 thought by some to be a globular cluster, but by others to be the core of a stripped dwarf galaxy (Meylan et al. 2001 ) and contains multiple stellar populations. Dynamical evidence in G1 suggested the presence of a 20 000 solar mass black hole (Gebhardt, Rich & Ho 2002 , 2005 . X-ray observations revealed an X-ray source with a 0.2-10 keV luminosity of 2 · 10 36 erg s −1 (Trudolyubov & Priedhorsky 2004 ) and (Pooley et al. 2006) . A radio source was also detected at the location of the core of the cluster of G1. The measured radio flux (28 µJy) was in good agreement with the predictions (30 and 77 µJy) (Maccarone & Körding 2006; Ulvestad, Greene & Ho 2007) . Although, Kong et al. (2009) find that the X-ray emission is still consistent with a single X-ray binary or a collection of X-ray binaries. Ulvestad, Greene & Ho (2007) find the most plausible scenario is that G1 accretes at closer to 0.1 of the Bondi-rate with a radiative efficiency under 0.01. It is therefore possible that the fraction (η) of the Bondi-Hoyle accretion is as high as 0.1.
Taking the value -as there is no evidence for pulsar detection in NGC 6388 -obtained by Perna et al. (2003) (see also (Pellegrini 2005) ) as a low end and the value of G1 as a high end, the fraction of the Bondi-rate (η) can vary on the [10 −3 , 0.1] range. Now, we discuss two scenarios: first, we set the fraction of the Bondi-rate to η = 0.1 and we assume inefficient accretion (ǫ = 10 −4 ) and secondly, we set η = 10 −3 and we assume efficient accretion (ǫ = 0.1). Using Eq. 5., other cases will lead lower values of black hole mass than derived from the fundamental plane (see Sec. 4.2) . In order to reproduce the measured X-ray luminosity (by using Eq. 5.), the first scenario will give an estimate of ∼3070 M⊙ for the mass of the putative central black hole mass. Such a black hole mass is inconsistent with the derived mass on the fundamental plane. Additionally, this value is even higher than the value of 2600 M⊙, which one can obtain considering the raw estimate that, the black hole mass is 1/1000 of the total stellar mass (2.6 · 10 6 M⊙; (Lanzoni et al. 2007 )) of the globular cluster (Miller & Hamilton 2002) ; therefore this scenario is less favourable. The second scenario will result in a black hole mass of ∼970 M⊙. This is formally consistent with the one-sigma value derived from the fundamental plane. Although, given the high uncertainties of ǫ and η and the intrinsic scatter of the fundamental plane, our conservative upper limit on the mass of the putative intermediate-mass black hole is 1500 M⊙, the 3-σ upper limit derived from the fundamental plane. Lanzoni et al. (2007) reported the possible presence of a black hole with a mass of 5700 ± 500 M⊙ at the centre of the globular cluster NGC 6388. Chandra and XMM-Newton observational data analysis were carried out by Nucita et al. (2008) . Removing the pixel randomisation allowed us to identify a unique source coincident with the cluster centre of gravity with properties consistent with those expected for a black hole accreting at a low rate. With the X-ray detection and optical surface density fit, the only missing piece of the puzzle was a radio detection. On the basis of the X-ray luminosity, Nucita et al. (2008) predicted an upper limit of < 3 mJy radio flux on NGC 6388. Deep radio observations with the Australia Telescope Compact Array allowed us to reach a sensitivity of 27µJy/beam, but did not reveal any radio sources within the cluster. We interpreted the radio non-detection by using the fundamental plane relating the radio and X-ray properties of black holes accreting at low rates, assuming that the X-ray flux is related to a black hole accretion luminosity. We obtained an upper limit on the black hole mass of M < 735 M⊙± 244 M⊙ (1σ). Taking into account the uncertainties on the radiative efficiency of accretion and on the fraction of Bondi-Hoyle accretion rate reaching the black hole, we concluded that the centre of NGC 6388 can not host a black hole with a mass in excess of 1500 M⊙ at a 3σ confidence level.
CONCLUSIONS AND SUMMARY
